. Modulation of contractility by myocytederived arginase in normal and hypertrophied feline myocardium. Am J Physiol Heart Circ Physiol 290: H1756 -H1762, 2006. First published December 3, 2005 doi:10.1152/ajpheart.01104.2005.-L-Arginine, the sole substrate for the nitric oxide (NO) synthase (NOS) enzyme in producing NO, is also a substrate for arginase. We examined normal feline hearts and hearts with compensated left ventricular (LV) hypertrophy (LVH) produced by ascending aorta banding. Using Western blot analysis, we examined the abundance of arginase isozymes in crude homogenates and isolated cardiac myocytes obtained from the LVs of normal and LVH hearts. We examined the functional significance of myocyte arginase via measurement of shortening and intracellular calcium in isolated myocytes in the presence and absence of boronoethyl chloride (BEC), a specific pharmacological inhibitor of arginase. Both arginase I and II were detected in crude myocardial homogenates, but only arginase I was present in isolated cardiac myocytes. Arginase I was downregulated in LVH compared with normal. Inhibition of arginase with BEC reduced fractional shortening, maximal rate of shortening (ϩdL/dt) and relengthening (ϪdL/dt), and the peak of the free cytosolic calcium transient in normal myocytes but did not affect these parameters in LVH myocytes. These negative inotropic actions of arginase inhibition were associated with increases in cGMP generation. These studies indicate that only arginase I is present in cardiac myocytes where it tends to limit NO and cGMP production with the effect of supporting basal contractility. In experimental LVH induced by pressure overload, our studies demonstrate reduced arginase I expression and reduced functional significance, allowing greater arginine substrate availability for NO/cGMP signaling.
arginase; hypertrophy; nitric oxide; guanosine 3Ј,5Ј-cyclic monophosphate; calcium AS IN THE VASCULATURE, nitric oxide (NO) synthase (NOS) regulates the generation of NO in cardiac myocytes by deaminating the amino acid substrate L-arginine to produce NO and citrulline. NO modulates cardiac contractility via activation of soluble guanylyl cyclase, inducing increases in cGMP. In turn, cGMP modulates contractility via the activation of certain phosphodiesterases, activation of protein kinase G, and by direct stimulation of calcium cycling proteins. On the other hand, there are reports that NO can alter contractility independent of cGMP by direct nitrosylation or acetylation of various channels and calcium cycling proteins.
In the normal myocardium, the acute effects of increases in NO are bimodal, with a positive inotropic effect at low amounts of NO exposure but a negative one at higher amounts (28) . NO donors have been shown to exhibit weak to moderate negative inotropic effects in nondiseased preparations (8, 25, 34) . On the other hand, in pathological states, there is increasing evidence that upregulation of NOS and/or increased production of NO improves left ventricular (LV) performance and myocyte contractility and prevents or delays the onset of LV hypertrophy (LVH) and heart failure (21, 22, 40) .
L-Arginine, the sole substrate for NOS in producing NO, is also a substrate for arginase. Thus arginase has a potential role in limiting substrate available for NO production. In other tissues, there are two arginase isozymes, arginase I and arginase II; however, the myocardial expression and the functional role of arginase have not been previously reported. Accordingly, the objectives of this study were to examine the presence of arginase isozymes in both normal and hypertrophied feline cardiac myocytes and to pharmacologically inhibit arginase to examine its functional role in modulating cardiac contractility.
METHODS
Feline model of LVH. Young felines ϳ1.0 kg were banded as described previously (19) . Progressive aortic constriction induced progressive LVH. All animals used in this study had concentric LVH and were without evidence of pleural effusion or ascites at the time of euthanization for tissue sampling and myocyte cell isolation. Animals were handled in accordance with the guidelines of the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication 85-23, revised 1996), and studies were approved by the Temple University Animal Care and Use Committee.
Myocyte isolation and morphological characterization. Feline LV myocytes were isolated as previously described (14, 32, 33) . To characterize cardiac myocyte morphology, we utilized isosmotic fixation with 1.5% glutaraldehyde and Ficoll gradient enrichment. Median cell volume was determined by Coulter Channelyzer analysis of Ͼ10,000 myocytes, as previously described (42) .
Assessment of arginase abundance. Protein was isolated from both crude homogenates and isolated myocytes from the LVs of feline hearts. Cell and tissue samples were from normal hearts and LVH hearts as described above. Protein extraction and Western blot analysis were performed as previously described (26) . Assays of isolated myocytes and crude homogenates employed identical techniques. For these experiments, we employed specific monoclonal antibodies directed against arginase I and arginase II (Santa Cruz Biotech, Santa Cruz, CA). Antibodies were labeled with horseradish peroxidase by anti-mouse Ig secondary antibody, 1:2,000 dilution (Amersham Life Science). Targeted antigens were visualized with enhanced chemiluminescence assay (NEN Life Science). Films were scanned (Epson Expression 636), and band intensities were quantified with densito-metric analysis by use of the NIH Image 1.62f program. Targeted bands were normalized to cardiac actin.
Isolated myocyte physiology. Freshly isolated myocytes were loaded with fluo-3 AM (Molecular Probes, Eugene, Oregon), at 4 -10 M final concentration, and in 1 mM Ca 2ϩ . Myocytes were placed in a chamber on the stage of an inverted microscope. The chamber was superfused at 1-2 ml/min with Tyrode solution (150 mM NaCl, 5.4 mM KCl, 1 mM CaCl 2, 1.2 mM MgCl2, 10 mM glucose, 2 mM pyruvate, 5 mM HEPES, pH 7.4, 37 C°). Rod-shaped myocytes were chosen on the basis of their appearance and the absence of irregularities or function disturbances, such as spontaneous contractions. Cytosolic free calcium concentration ([Ca 2ϩ ]i) was measured with fluo-3 as described previously (23) . The emission at 530 nm was recorded to represent the [Ca 2ϩ ]i transient and used to derive F/Fo, the pseudoratio of intracellular calcium as previously described (38) .
Contraction of myocytes was assessed by edge detection. Myocytes were field stimulated at 1.0 Hz for at least 1 min before steady-state baseline measurements were made. Myocytes were then exposed to boronoethyl chloride (BEC) (10 Ϫ5 M), which is a specific but nonselective (both type I and type II isozymes) arginase inhibitor (9, 11) ]i transients and contractions were measured. cGMP measurement. Cyclic nucleotides were measured in suspensions of isolated myocytes from both normal (n ϭ 4) and from LVH (n ϭ 3), both obtained as described above. For each animal, aliquots of cells (at least 10) were taken from the cell suspension media, and the viable cell number was counted with a hemacytometer (Advent Genetics, Ann Arbor, MI). The cell concentration of the suspension was calculated, and aliquots of 1.5 million cells were exposed to either BEC or vehicle for 5 min on a shaker (Biotech, Philadelphia, PA) at 25°C. The reaction was quenched with 300 l of 1 N HCl. After 20 min, each sample was neutralized with 300 l of 1 N NaOH and centrifuged for 3 min at 12,000 rpm and 4°C. The supernatant was stored at Ϫ80°C until analysis. Subsequently, the cGMP concentration was measured in duplicate via a competitive enzyme immunoassay (ELISA, Cayman Chemical, Ann Arbor, MI), as previously described (2, 15) .
Statistical analysis. For isolated myocyte physiology measurements, all data were averaged, and results are presented as means Ϯ SE unless otherwise stated. Statistical significance was determined by one-way, two-way, or repeated-measures two-way ANOVA and a Student-Newman-Keuls post hoc test (Graph Pad Instat and SPSS statistical software). For Western blot and ELISA measurements, an unpaired two-tailed Student's t-test was employed to compare normal and LVH samples. Values of P Ͻ 0.05 were considered significant.
RESULTS
Arginase in normal and hypertrophied myocardium. As shown in Figure 1 , B and D, aortic banding induced cardiomyocyte hypertrophy as evidenced by a significant increase in heart-to-body weight ratio and median cell volume, respectively. As seen in Fig. 1A , both arginase I and II were detected in crude LV homogenates obtained from normal and hypertrophied feline myocardium. In these preparations, the abundance of both isozymes was significantly reduced in the presence of myocyte hypertrophy. In isolated myocytes (Fig. 1C) , only arginase I was detected (homogenized kidney tissue; positive control). Here again, a reduced abundance of this isozyme was observed in the presence of myocyte hypertrophy. The lack of arginase II in the myocyte-enriched suspensions suggests that the arginase II detected in crude homogenates was originating in nonmyocytes.
Effect of arginase inhibition on myocyte contractility and calcium cycling. Figure 2A and Table 1 present raw data and averaged data from experiments in which the acute effects of arginase inhibition with BEC were evaluated in isolated myocytes. In normal myocytes, arginase inhibition induced striking negative inotropic effects, including significant decreases in peak fractional shortening, ϩdL/dt, and ϪdL/dt. These negative inotropic effects were associated with significant decreases in the peak [Ca 2ϩ ] i . However, arginase inhibition did not cause significant changes in the T 50 of the [Ca 2ϩ ] i transient. During continued administration of BEC, application of the GC inhibitor ODQ reversed the negative inotropic effects of arginase inhibition. These findings suggest that the negative inotropic actions of BEC were mediated via the NO/cGMP pathway. Experiments in which BEC increased cGMP levels in cardiac myocyte suspensions (Fig. 2B) further support the conclusion that arginase inhibition augments NO and cGMP production. Figure 3A and Table 1 present raw data and averaged data from experiments in which the acute effects of arginase inhibition with BEC were evaluated in hypertrophied myocytes from banded animals. Hypertrophied myocytes tended to have lower baseline fractional shortening and peak [Ca 2ϩ ] i levels compared with normal myocytes, but these differences were not statistically significant. More importantly, arginase inhibition with BEC produced little or no changes in myocyte contractile and relaxation parameters and likewise did not affect the peak or decay kinetics of the [Ca 2ϩ ] i transient. In suspensions of isolated LVH myocytes, BEC did not induce significant increases in cGMP concentration (Fig. 3B) . As highlighted in Fig. 4 , the functional responses to arginase inhibition were significantly different in normal and LVH myocytes.
As seen in Fig. 5A , GC inhibition alone produced marked positive inotropy as seen by both FS and peak [Ca 2ϩ ] i levels in normal cells. Pilot studies with LVH myocytes also suggested marked positive inotropy with GC inhibition as seen in Fig. 5B , but the magnitude of this effect appears less than in normal myocytes. However, because of the small number of cells, we cannot be certain that an intergroup difference exists.
DISCUSSION
Although both arginase I and II are expressed in the heart, the main new finding of these studies is that only arginase I is present in cardiac myocytes where it tends to limit NO and cGMP production with the effect of supporting basal contractility. In experimental LVH induced by pressure overload, our studies demonstrate reduced arginase I expression and reduced functional significance, allowing greater arginine substrate availability for NO/cGMP signaling. Recently, Berkowitz et al. (5) showed that arginase inhibitors increase NOS enzyme activity, cGMP production, and vascular relaxation, suggesting that arginase competitively regulates L-arginine bioavailability for endothelial NOS (eNOS) in rat aortic vasculature. To our knowledge, the present study is the first demonstrating the functional significance of arginase in cardiac myocytes.
The question of whether NO signaling affects cardiac myocyte contractility under basal conditions in the normal heart has been the subject of considerable debate. Several early studies reported that activation of NOS with increased NO production tends to decrease contractility via cGMP-dependent or cGMP- independent mechanisms (3, 6, 7, 12, 17, 43) . Moreover, as recently reviewed, analysis of the phenotypes of mice genetically deficient in one or more isoforms of NOS further supports the conclusion that NO signaling tends to attenuate contractility under basal conditions (28) . Nevertheless, because administration of NOS inhibitors to normal cardiac myocytes alters basal contractility minimally (18, 28) , most investigators have drawn the conclusion that NO-dependent signaling has a minor role in altering basal contractility. In this context, our findings of significant myocyte arginase I expression and decreased contractility with arginase inhibition raise the possibility that the minimal effects of NOS inhibition in the basal state are due to the fact that NOS/NO/cGMP signaling is already being inhibited by a substrate limitation imposed by endogenous arginase. In this construct, decreases in contractility observed during further NOS/NO activation reflect a shift in a dynamic equilibrium between arginase and NOS rather than activation of dormant NOS/NO signaling per se.
Our findings of decreased expression of arginase I and diminished effects of arginase inhibition on basal contractility in LVH compared with normal is strong evidence that NO signaling is increased in LVH, at least in part, via decreased competition by arginase. Indeed, these findings of decreased arginase complement other studies indicating increased NOS activity in LVH (31, 35) . Other things being equal, these coordinated changes should serve to additively enhance NOdependent signaling in the compensated phase of pathological hypertrophy. Interestingly, basal cGMP in LVH tended to be higher than in normal. This raises the question of whether enhanced cGMP levels in LVH might have a significant role in altering basal contractility. GC inhibition alone would reveal the basal inotropic consequence of cGMP. In fact, treating normal myocytes with ODQ alone increased myocyte shortening and peak [Ca 2ϩ ] i , suggesting a suppressive effect of cGMP on contractility in normal myocytes. In LVH we expected the effect of GC inhibition to be even larger because of the supposed enhancement of NO via arginase inhibition. However, the few LVH myocytes we have treated with ODQ alone have shown similar or lesser effects of ODQ on basal contractility. More studies are required to allow definitive conclusions, but our preliminary findings support cGMP-mediated control of basal contractility.
Whether increases in NO-dependent signaling in LVH are adaptive or maladaptive is still controversial. Previous studies have already demonstrated that arginase dysregulation can modulate NO-dependent signaling outside the vasculature. Arginase II expression was demonstrated in human corpus cavernosa where it is upregulated in diabetes, a disease process associated with erectile dysfunction (24) . In the airway, arginase inhibition attenuates methacholine-induced airway constriction by increasing NO production (29) . In this broader context, downregulation of myocyte arginase I in the hypertrophied myocardium could represent an adaptation to remodeling that contributes to contractile dysfunction and heart failure. Alternatively, several studies suggest that the initial increase of NO in the course of cardiac disease is protective and acts to decrease free radical formation, oxygen consumption, and calcium overload (21, 40) . In addition, Aoki et al. (1) showed that arginase activity in neonatal mouse cardiac myocytes had anti-apoptotic activity.
We observed no significant changes in rates of relaxation or the decay of the [Ca 2ϩ ] i transient after arginase inhibition with BEC in myocytes from normal or LVH myocardium. There is still controversy about the effect of endogenous NO on diastolic properties at the myocyte level. Some investigators have shown an increase in diastolic fiber length and relaxation by NO via desensitization of cardiac myofilaments (27) . In papillary muscle and in vivo studies, NO donors have been shown to stimulate NO release and selectively affect myocardial relaxation (16, 30, 37) . However, other have shown no effect and even a slowing of diastolic calcium decay (36) . Further, NOS inhibitors have shown unremarkable findings (10) and the eNOSϪ/Ϫ knockout mouse showed no alteration in diastolic properties (4), suggesting a limited functional role of NO in the regulation of cellular relaxation. Thus the existing literature is generally consistent with our findings that augmentation of NO-mediated effects via arginase inhibition has minimal impact on cellular relaxation, even in normal myocardium, where negative inotropic effects are observed. Of course, the lack of a net effect on relaxation does not preclude the possibility of separate molecular effects that serve to counterregulate one another.
Limitations. There may be concern as to whether BEC, a boronic acid analog of L-arginine, may directly activate NO synthesis, but prior studies have shown that BEC is a highaffinity, selective arginase inhibitor that binds as a tetrahedral boronate anion, which attains a transition state that is fundamentally incompatible with the substrate site of NOS (9, 13) . Also, we cannot ignore the possibility that arginase activity and the production of ornithine and urea within the myocyte may have an effect on myocyte function directly. It is well known that ornithine is the precursor for the synthesis of polyamines such as spermine, spermidine, and putrescine. There have been reports that polyamine concentration alters K ϩ channel current in myocytes (41) , can decrease inotropy by superfusion of exogenous polyamines (39) , and can decrease calcium sensitivity (20) . However, these studies show the effects of direct application of high-concentration exogenous polyamines, which is likely distinct from the smaller changes in endogenous ornithine that result from modulation of arginase activity. Another limitation of these studies is the inability to define the subcellular localization of arginase with the methods we employ. It is commonly accepted that the cardiac myocyte has two constitutive NOS isoforms, eNOS and neuronal NOS, localizing to the sarcolemma and sarcoplasmic reticulum, respectively. Whether arginase and arginase inhibition are able to modulate L-arginine substrate availability for both myocyte NOS isoforms remains undetermined. In this regard, both endothelial cells and macrophages have been shown to have L-arginine pools that are localized and not freely exchangeable with the extracellular space, which may bias availability to one NOS isoform over another.
In summary, the present findings demonstrate arginase expression in cardiac myocytes and support its role in limiting NO production. In a feline model of LVH, the abundance and function of arginase decreases and likely contributes to enhanced NO production. Further studies will be required to determine whether arginase manipulation represents an appropriate therapeutic target in cardiac hypertrophy or failure.
